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Abstract 
Although fabrication techniques of porous metals or metallic foams were widely reported, studies on plastic working and metal 
forming of the materials have been limited. As pores may be closed so that advantages, e.g., lightweight or large specific surface 
area, may decrease in deformation processes. However, deformation process of porous metals has several positive advantages. In 
this paper, past studies reported by the authors and other researchers are reviewed. It is shown that deformability of porous metals 
is generally high and sufficient for bulk metal forming. Applications only feasible with porous metals are described. It is 
concluded that deformation process of porous metals and metallic foams is advantageous for industrial applications. 
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1. Introduction 
Porous metals and metallic foams can be used as lightweight structure, energy absorber, heat exchanger, 
biomaterial, filter etc. Many fabrication techniques of porous metals were suggested, discussed and used in 
industries. Properties of porous metals have been widely investigated and well reported. On the other hand, studies 
on plastic working and metal forming of the materials were rather limited, though they are highly demanded for 
industrial applications. As pores may be closed in forming, so that advantages, e.g., lightweight or large specific 
surface area, may be lost in the processes. In addition, mechanical behaviors of porous metals are not well described 
 
 
* Corresponding author. Tel.: +81-6-6879-7503; fax: +81-6-6879-7522. 
E-mail address: uts@mat.eng.osaka-u.ac.jp 
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of Scientifi c Committee of North Carolina State University
246   Hiroshi Utsunomiya and Ryo Matsumoto /  Procedia Materials Science  4 ( 2014 )  245 – 249 
because volume constancy is not satisfied. Therefore it is not easy to design industrial processes and to predict 
properties of deformed products. On the other hand, deformation process of porous metals has several positive 
advantages. For example, porous metals can be formed into desired shape for automotive components, specific 
strength increases due to work hardening. In this paper, past studies reported by the authors and other researchers are 
reviewed. Advantages and importance of deformation process of porous metals are described. 
2. Advantages of forming of porous metals 
Based on literature survey on metal forming of porous metals and metallic foams, possible advantages of forming 
can be categorized as Table 1. Each item will be discussed as follows. 
2.1. Forming to desired shape 
In order to use porous metals in automotive components or machinery parts, it is necessary to form porous metals 
into specific shapes suitable for applications. However, cutting and machining are not easy because porous metals 
are easily collapsed under compressive force. Welding and joining of porous metals are also difficult because real 
contact area on the interface is limited for sufficient bonding(Nakata (2008)). Therefore it is very important to 
establish shaping technology such as rolling, forging and bending, of porous metals for industrial applications. It has 
been found that the porous metals are highly ductile. Generally, they do not show fracture up to severe deformation 
(reduction in thickness > 90%). However it is not possible to predict deformation characteristics of porous metals 
precisely, because the volume is not constant due to pore closure. The authors used Shima’s constitutive equation, 
which were originally developed for powder-sintered materials, and determined the materials constants for porous 
metals (Tsuruoka et al. (2012)). Lotus-type porous copper, aluminum foam (Alporas), open-cell porous nickel 
(Cellmet) plates were cold rolled. It was found that ratio of longitudinal strain divided by thickness strain, i.e., 
‘elongation efficiency’ is a useful parameter to express the contribution of volume change on deformation 
characteristics. The contribution decreases with increasing density. It was also found that the constants can be used 
as a first approximation, regardless of the type of porous metals. It may be used in finite element analysis to design 
deformation processes. 
2.2. Control of porosity and morphology 
Porosity can be controlled by metal forming processes. Higher hydrostatic stress results in greater decrease in 
porosity. Larger pores tend to decrease more in size in the process. Therefore porosity as well as porosity 
distribution can be controlled. It is supposed that the control is easier than that in pore formation processes such as 
bubbling, unidirectional casting and chemical leaching.  
Moreover, morphology of pores can be controlled. Suzuki et al. applied ECAE (equal channel angular extrusion) 
process to lotus-type porous copper (Suzuki et al. (2008)). It is shown that porosity decreases by ECAE. He 
demonstrated elongating direction of pores can be rotated by simple shear introduced by ECAE. The workpiece may 
be rotated after each pass depending on Route. Pores elongate more and close in Route A and C, where shear 
deformation is unidirectional. On the other hand, closed pores may re-open in Route B where shear direction 
changes after each pass. Therefore ECAE process can control not only porosity but also pore morphology of porous 
metals. 
TABLE 1:  Advantages of forming of porous metals 
(a) Forming to desired shape 
(b) Control of porosity and morphology 
(c) Work hardening of matrix 
(d) Improvements in properties  
(e) Unusual microstructure  
(f) Forming of complicated shapes 
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Nonporous skin layer is often required for improvement in mechanical properties or for subsequent joining etc. 
Nonporous skin layer decreases notch-effect in tensile deformation and shear banding in compression. In other 
words, the skin layer promotes homogeneous deformation. Wire brushing (Lobos et al. (2009)), shot peening 
(Koriyama et al. (2012)) and friction stir incremental forming (Matsumoto et al. (2014)) were applied to form skin 
layer on the surface. Nonporous skin layer is effective to suppress shear banding and to make the deformation more 
uniform. 
2.3. Work hardening of matrix 
Although porous metals and metallic foams are lightweight materials, their applications to structural parts and 
components have been limited. This is because the strength per weight is not higher than conventional wrought 
metals. So, for weight reduction, it is better to use thin nonporous commercial materials than expensive and thick 
porous materials. The lower strength of porous metals is due to coarse microstructure formed in high-temperature 
processes and to inhomogeneity of porosity in the material. However, bubbling process for metallic foams and one-
directional solidification for lotus-type porous metals are indispensable for pore formation. 
If fabrication without high-temperature process is possible, porous metals with high specific strength can be 
produced. In that case, if porous metals are subjected to cold working, the matrix cell walls of the porous metal 
shows wrought microstructure. The authors successfully produced porous metals through solid-phase bonding of 
dissimilar metal wires by cold extrusion and subsequent chemical leaching of one metal from the composite 
(Utsunomiya et al. (2008)). The processed porous metal showed remarkably high specific strength, though the 
productivity is low. It means deformation processes can increase specific strength although it decreases porosity. 
2.4. Improvements in properties 
If cold rolling or forging is applied to porous metals, the strength increases due to work hardening of matrix cell 
wall, though porosity decreases. Therefore cold working is advantages for improvement of strength and of specific 
strength of porous metals as explained in the above section. 
It is also possible to enhance other properties of porous metals. Miyoshi et al. applied cold rolling in order to 
increase sound absorbing ability of aluminum foam (Miyoshi et al. (2000)). The small-draft rolling induced fractures 
in cell walls and connects pores to improve sound-absorbing ability in certain frequency range. This process was 
successfully used in industries for manufacturing of sound absorber installed beneath motorways. 
Therefore deformation processes can improve properties of porous metals. 
2.5. Unusual microstructure 
If heavy reduction rolling or forging are imposed, all pores may be closed and disappear. It introduces bonded 
interface in metals at high density. In metallurgy, it is known that high-angle grain boundary (HAGB) is more 
effective for strengthening than low-angle grain boundaries (LAGB). It is expected that mis-orientation of the 
bonded interface is higher than normal grain boundaries because it is mechanically introduced by bonding of internal 
surfaces surrounding pore. A schematic illustration of the microstructure evolution is shown in Fig. 1. However, this 
effect has not been well investigated yet.  
Lotus-type porous copper and nonporous one-directionally cast copper plates were cold rolled with 90% 
reduction in thickness. Inverse pole figure map on longitudinal sections by EBSD analysis are compared in Figs. 2a 
and 2b. In both cases, coarse grains formed in solidification process were elongated in the rolling direction. In the 
porous copper after rolling (Fig. 2a), all the pores are completely closed, spacing between elongated layers is 
narrower and orientation changes more frequently in the thickness direction than the nonporous copper after rolling 
(Fig. 2b). Figs. 2c and 2d show IPF maps after annealing at 573K, respectively. The both copper plates show 
recrystallized microstructure. It is notable that the grain size of the porous copper (Fig. 2c) is finer than that of the 
nonporous copper (Fig. 2d), although the effective plastic strain subjected is lower due to pore closure. This may be 
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due to the non-uniformity of strain introduced in the porous metal and pinning effect of the bonded interface to 
suppress boundary movement in recrystallization stage (Utsunonimya (2011)). 
 
 
Fig. 1.  Schematic illustration showing microstructural evolution including pore closure during rolling and annealing process of (a) nonporous 
and (b) porous materials. 
 
 
Fig. 2. Microstructures of the lotus-type porous copper and the nonporous copper. (a), (b): as 90% cold rolled. (c), (d) as annealed at 573K after 
the 90% cold rolling.  
2.6. Forming of complicated shapes 
Some complicated sections cannot be shaped from conventional nonporous metals, however, can be shaped if 
porous metals are used as initial materials.  
Profiled strips are long and narrow metal sheets having two or more thicknesses. The thickness distributes 
stepwise in the width direction. They were mainly used in electric parts such as lead frames for power transistors. 
Profiled strips can reduce weights of products and manufacturing processes. However, it is impossible to form 
profiled strips without shape defects from flat strips by simple grooved rolling. Because difference in elongation, 
nominal strain in the rolling direction, between thick and thin parts is excessive. Buckling waves may be induced at 
thin part, or thickness decreases undesirably in thick part.  
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Fig. 3:  Cross sections of profiled strips from (a) non porous copper and (b) lotus-type porous copper (porosity: 40%) strips. The thickness was 
reduced 40% at thin parts with grooved rolls. 
However it is possible to form profiled strips without shape defects from flat porous strips by rolling with 
grooved rolls because difference in the elongation is small. Lotus-type porous coppers with one-dimensional 
elongated pores were formed into T-shaped strips by one-pass cold rolling with a grooved roll (Tsuruoka et al. 
(2011)). Typical cross-sections of profiled strips are compared in Fig. 3. The produced profiled strips have fewer 
shape defects if the applied reduction is less than the porosity. The pores are closed in thin flange while not closed in 
thick web. It means that elongation in the rolling direction distributes uniformly over the cross section due to pore 
closure. It is found that products with very complicated cross sections can be formed by one-pass operation 
efficiently using porous metals as initial materials. 
3. CONCLUSION 
In this paper, past studies on deformation processes of porous metals reported by the authors and other 
researchers are categorized and reviewed. It is shown that deformability of porous metals is generally high and 
sufficient for bulk metal forming, however volumetric change is large. It is notable that some applications are 
attainable using not solid conventional metals but porous metals. It is concluded that deformation process of porous 
metals and metallic foams is advantageous for future industrial applications. Studies on deformation processes are 
demanded to widen applications. 
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